Abstract-Light emitting devices based on Si quantum dots/SiO 2 multilayers with dot size of 2.5 nm have been prepared. Bright white light emission is achieved under the dc driving conditions and the turn-on voltage of the device is as low as 5 V. The frequencydependent electroluminescence intensity was observed under ac conditions of square and sinusoidal wave. It was found that the emission wavelength changes with frequency when sinusoidal ac is applied. The degradation of emission intensity is less than 12% after 3 h for ac driving condition, exhibiting the better device stability compared to the dc driving one.
oxide takes place mainly via Fowler-Nordheim (FN) tunneling of hot electrons and the e-h pairs are generated by impact ionization of the Si QDs. The FN tunneling of hot carriers will lead to the degradation of the oxide matrix and low device endurance [8] . It has also been reported that under dc driving conditions the charge accumulation occurs at interface states of the contact/active material interface which screens the applied electric field and decreases the effective injection. Peralvarez et al. attributed the low emission efficiency of Si-based LEDs to the power dissipation of leakage current through the Si QDs/SiO 2 layer instead of injection into the Si QDs [9] . However, by applying ac bias, the mean amount of accumulated charges decreases and the injection becomes more efficient [6] . It means that the applied voltage of ac driven LED can work under relatively low electric field which is helpful for enhancing the emission efficiency, reducing the power consumption as well as improving the device stability [10] , [11] . Currently, to develop the Si-based light emitting devices and to study the device performance under dc and ac driving conditions is one of the important issues.
In this paper, we prepared LED containing Si QDs/SiO 2 multilayers (MLs). The device performance was systematically investigated under both dc and ac driving conditions. It was demonstrated that low turn-on voltage and strong emission intensity can be achieved. The emission light can be clearly observed. The frequency-dependent EL properties were studied and discussed and good emission stability was obtained for ac driving device.
II. EXPERIMENTAL SETUP
The device was grown on p-type monocrystalline Si wafers with resistivity of 1-3 Ω·cm in a conventional PECVD system with a RF of 13.56 MHz. During the deposition process, the RF power was kept at 50 W and the substrate temperature was fixed at 250
• C. The a-Si:H sublayers were deposited using a pure silane gas with a flow rate of 5 sccm for 15 s. Subsequently, in situ plasma oxidation was performed to form ultrathin SiO 2 sublayers using oxygen with flow rate of 20 sccm for 90 s. These processes were alternatively changed for nine times and a SiO 2 lapping layer was deposited on the top surface of the film. After deposition, the as-grown samples were first dehydrogenated at 450
• C and then annealed at 1000 • C both in N 2 ambient for 1 h. In our previous work, we have demonstrated the formation of 2.5 nm Si QDs and 2 nm SiO 2 layers [12] - [14] . Then dotshaped ITO electrodes with diameter of 1.5 mm were deposited on the top of the films and Al electrode was deposited on back of silicon wafer to get EL device. The device was subsequently thermally annealed at 400
• C in N 2 for 30 min to set ohmic contacts. The device structure is depicted in the inset of Fig. 1 . The EL signals were measured under both dc and ac bias by a HORIBA Jobin Yvon synapse CCD detector in the visible range and a liquid N 2 cooled InGaAs detector in the infrared range. The spectra have been calibrated by taking into account the sensitivity of the system.
III. RESULTS AND DISCUSSIONS
An intense EL can be observed when a forward dc bias was applied to the bottom Al electrode with respect to the top ITO electrode, the EL was uniformly distributed in the whole ITO area. The emitting light became so strong with increasing the applied voltage that it can be seen by naked eyes in the dark room, as shown in the inset of Fig. 1 . The LED with low turn-on voltage 1.4-1.7 V was reported by Anopchenko et al. previously [6] . The authors ascribed the low voltage to the direct tunneling of carriers other than FN tunneling since it is smaller than the corresponding electrons faced barrier height of 3.2 eV. The turn-on voltage of our device is a little bit higher, which is about 5 V. Fig. 1 also shows the EL spectra of device with Si QDs (black line) and without Si QDs (green line) under the applied dc bias of 12 V in the visible and infrared range. For device with Si QDs, the spectrum is composed of two bands, one is a broadband centered at 750 nm in visible range and the other one at 1150 nm in the infrared range as shown in the right side of Fig. 1 . For device without Si QDs (as deposited device), only the band at 1150 nm can be observed and no signal is detected in the visible range. Fig. 2 depicts the schematic diagram of the possible tunneling and recombination routes in our Si QDs-based device. Under low dc driving conditions, the electrons and holes are injected from ITO electrode and p-Si substrate. The carriers tunneling through the SiO 2 barrier layers may recombinate within the Si QDs (process 6)) or at the Si QDs/SiO 2 interfacial states (process 5)) to emit the visible light. At high voltage, the hot electrons can generate e-h pairs in Si QDs by impact ionization and the recombination of e-h pairs in Si QDs and/or Si QDs/SiO 2 interfacial states can also emit the visible light (process 7)). In addition, we found that the EL peak in visible light region can be slightly red-shifted with increasing Si QD size to 4 nm (the results are not shown here), which can be ascribed to the quantum confinement effect as proposed by Park et al. [4] . Qin et al. attributed this visible light emission to the nc-Si/SiO 2 interfacial states based on the PL results [15] . As for the EL band in the infrared region, it can be attributed to the band edge emission from p-Si substrate (process 8)). It has been reported that efficient EL can be observed from metal/ultrathin SiO 2 /p-Si tunnel diodes [16] , [17] . The negative gate bias can attract the holes at the Si/SiO 2 interface to form the accumulation region. The holes are localized along the growth direction and their momentum spread in k-space. Consequently, light emission occurs at SiO 2 /p-Si substrate interface when the electrons reach the p-Si substrate and the quantum efficiency of band edge emission is higher than that of bulk Si [16] .
According to the current-voltage (I−V ) curve shown in Fig. 3(a) , we found that the carrier transport in our device is mainly dominated by the direct tunneling at the low voltage regime [∼7.2 V, corresponding to the electric field of 1.6 MV/cm by concerning the total film thickness of 45 nm, as shown in the inset of Fig. 3(a) ]. The EL emission comes from the recombination of bipolar injected electrons and holes as discussed previously [8] . We also measured the EL under the reverse bias (the gate is positively biased), no EL signal can be detected even at high applied voltage, which indicates that the impact ionization does not contribute significantly to the EL emission [6] . However, at high forward voltage, the carrier transport is dominated by the FN tunneling mechanism and the electrons can gain sufficient energy to generate e-h pairs in Si QDs by impact ionization. Then the recombination of hot electrons generated e-h pairs emits the visible light. Marconi et al. have studied the EL of Si QDs/SiO 2 multilayers, they found that when the electric field is less than 2 MV/cm (also they used the total film thickness to estimate the electric field), the charge injection is attributed to the bipolar injection into silicon nanocrystals via direct tunneling [8] . While in the case of high voltages, the FN tunneling dominates in the charge injection process. In this regime, the charge transports in the oxide mainly via hot electrons and the e-h pairs are generated by impact ionization in the nc-Si, which will lower the power efficiency. Fig. 3(b) shows the EL power as a function of the injected current. Only the EL intensity of the band centered at 750 nm is integrated to estimate the output EL power. Theoretically, the dominant process of recombination in LED can be described by Z parameter according to the P-I curve [18] - [20] . In the steady state, the injected current balances the net recombination when stimulated emission is neglected. This balance can be expressed as
where I total is the total current, e is the electronic charge, V a is the active volume, and A, B, C are coefficients associated with defect, radiative, and Auger related recombination, respectively, N is the carrier concentration. Given the different current dominating in total current, equation (1) can be written as
where Z may range from 1 to 3 for different recombination mechanisms. For defect, radiative, and Auger dominated recombinations the Z parameter is 1, 2, and 3, respectively.
Moreover, the rate equation for e-h recombination with an external supplied current density of J is described as
where d is the recombination thickness and τ is the carrier lifetime. At steady state,
then the internal optical power can be written as
Consequently, using (2) and (5), the relationship between P and I total is
Then Z parameter can be obtained from the derivation of the ln(I) verse ln(P 1/2 ) plot [20] . In our case, the Z parameter is about 1.5 as shown in the inset of Fig. 3(b) , which indicates that defect and radiative recombination are the two dominant recombination processes. It means that both the recombination of e-h pairs within Si QDs and via Si QDs/SiO 2 interfacial defect states contribute to the broad EL spectra as shown in Fig. 1 . The Z parameter has not been above 2 even at large current, suggesting that Auger recombination has not yet dominated in our device.
It is interesting to study the device performance under ac driving conditions. The inset of Fig. 4(a) shows the EL spectrum of the device measured under square ac voltages with voltage of 14 V at 7 kHz. It is very similar with the dc driving one and is composed of two bands, too. This is comprehensible since the applied voltage is quite similar with dc. The frequencydependent intensity is summarized in Fig. 4 with V rms kept at 14 V and frequency increased from 50 Hz to 200 kHz. The intensity barely changes when frequency is below 50 kHz and above that the carrier transportation cannot keep up with the change of the voltage, resulting in the dramatic decrease in EL intensity.
When sinusoidal wave ac is applied, as shown Fig. 4(b) , we can see that the EL intensity is also frequency dependent. The EL intensity increases at first with increasing the frequency from 50 Hz to 7 kHz and then reduced with further increasing the frequency from 7 to 200 kHz. The similar result was also reported in device based on Si + ion implanted MOS-like (poly-Si/SiO 2 /Si) structure [21] . The reason for the intensity increasing at first is that the carriers have more chances to inject and recombine in the same time period as frequency increase, and the premise here is that the movement of carriers can keep up with alternation of ac voltages. When the frequency gets as high as 7 kHz, which corresponds to the time scale of the carrier tunneling time into neutral Si QDs, the EL intensity reaches its maximum [22] - [24] .
As the frequency is increased from 7 to 50 kHz, carriers tunneling will lag the changing of the voltages. Thus, electrons and holes will have a lower possibility to encounter and that will lead to the decrease in EL intensity, as mentioned in square wave driving condition. Beyond 50 kHz, the first injected carriers (e/h) will be electrically pumped out before they can recombine with the latter ones (h/e) since the nc-Si radiative recombination lifetime is about 25 μs, as reported by Walters et al., and the sharp decrease in EL intensity is inevitable. The authors also found that the EL intensity showed a peak at 10 kHz and they believe that it corresponds to the performance-limiting charge injection timescale for the first carriers into the neutral nanocrystals of ∼50 μs. At the frequency above ∼30 kHz, the pulse duration becomes shorter than the radiative lifetime of silicon nanocrystals and some of the excitons do not recombine, which leads to the decrease in EL intensity. The small discrepency with our device may be due to the different device structure and the surrounding environment of Si QDs.
At the same time, the slight frequency-dependent peak position was observed with position change of 40 nm, i.e., 0.06 eV in energy. As summarized in Fig. 4(b) , the EL peak is centered at 930 nm at the measurement frequency of 50 Hz, and it gradually shifts to 890 nm with increasing the frequency to 7 kHz. As further increasing the frequency to 200 kHz, the EL peak shows an opposite change that the peak returns gradually to 930 nm. Compared to dc driving conditions, the EL peaks are red-shifted under ac (sin) conditions. This may be due to the fact that carriers can be accelerated toward one direction and tunnel into Si QDs, then these hot carriers recombinate in Si QDs under dc conditions. While in ac (sin) conditions, the carriers cannot tunnel into Si QDs and instead they can only recombinate via the lower defect states in nc-Si/SiO 2 interfaces. The bulk Si related peak at 1150 nm observed under dc bias is suppressed does not appear here when ac bias is applied. This can be attributed to the alternative injection of carriers that holes do not have enough time to accumulate at the interface and emit the band edge light before being repelled. The integrated EL intensity under sinusoidal ac bias is 3.4 times as strong as that under dc bias at the same voltage, which means that EL efficiency in visible range is obviously enhanced. The mechanism of frequency-dependent EL peak shift in our devices is still unclear at the present stage. Yeh et al. reported the similar frequency-dependent peak position shifting phenomenon in intrinsic amorphous silicon nitride (a-Si:N:H) film [25] . They found that EL peak wavelength shifted toward longer one with increasing frequency from 60 Hz to 50 kHz, and then it kept at a fixed wavelength even though the frequency was further increased. They believe that it is due to the changing of the place where the carriers recombine. In our case, as we mentioned earlier, both the recombination of e-h pairs within Si QDs and through the interfacial states contributes to the final EL spectra. The shift of EL peak may be ascribed to the competition between these two recombination processes. But it needs further investigation on Z parameter. The detailed discussion depends on systematical measurements of P-I relationship under various frequencies, which will be addressed later. Fig. 5 shows the normalized EL intensity of the device operated under dc and 1 kHz sinusoidal ac conditions, both at constant voltage of 20 V. The currents barely changed in the measurement process. We can see that the device exhibits good stability under both conditions in the whole elapsed 3 h. The EL intensities keep at 70% and 88% of their original ones under dc and ac conditions after 3 h and almost saturate. Matsuda et al. have reported the time dependence of ac EL intensity at various frequencies n + -poly silicon/Si implanted SiO 2 /p-Si MOS capacitors. They found that the device showed poor stability at low frequencies and it performed the best at 100 kHz. However, the EL intensity had only about 60% of its initial intensity after 90 min [11] . The reason for the excellent stability of our device may due to the well-preserved multilayered structure even under high voltage. For the ac driving condition it shows better stability. In ac driving conditions, the flowing current is lower than that in dc driving conditions under the some applied voltage and the device has been on less operation time which results in the less thermal degradation of device. Moreover, in ac bias at the same voltage it has been on less operation time which results in the less thermal degradation of device. Also, the trapped charges can be extracted in each period resulting in less defect creation which is also helpful for improving the device endurance.
IV. CONCLUSION
We fabricated the light emitting devices based on Si QDs/SiO 2 multilayers with dot size of 2.5 nm. The stable and strong EL can be observed from our devices under the dc and ac driving conditions. The turn-on voltage of the devices is as low as 5 V and the luminescence wavelength is centered at 750 nm due to the recombination of injected electrons and holes in Si QDs or at the Si QDs/SiO 2 interfacial states. Under the ac driving conditions, the different frequency-dependent EL peak and intensity was found for square and sinusoidal ac conditions, which can be attributed to the modulation of tunneling time of carriers, especially electrons. The good light emission stability has been achieved in our devices under the ac driving conditions. That indicates that the Si-based light emitting devices can be potentially applied for future Si-based optoelectronic integration.
